Abstract -The paper identifies and analyses a number of severe fault conditione that can arise in the d t c h e d reluctance machine, from the electrical and mechanical points of view. It is shown how the currents, torques, and forces may be estimated, and examples are included showing the poesibility of large lateral forces on the rotor. The methods used for analysis include finite-element analysis, magnetic circuit models, and experiments on a small machine specially modified for the measurement of forces and magnetization characteristics when the rotor i s off-center.
I. INTRQDUCTION The switched reluctance machine is being researched for aerospace applications including motor drives, actuators, and starter-generators. Although it has been widely acclaimed as "fault tolerant" [1,2], certain fault conditions of extreme severity do exist. The paper concentrates on unbalanced faults, particularly those that can produce unbalanced magnetic side-pull on the rotor. It is shown that these forces are periodic, highly concentrated, and potentially very large. The analysis features simple analytical methods as well as detailed finite-element analysis, and it is shown how transients are simulated using the PC-SRD Dynamic computer program. The analysis is backed up by measurements on a specially modified machine. The paper also discusses possible winding arrangements and protection schemes. 
ELECTRICAL UNBALANCE

A. General principles
The phase windings of SR machines are often shown with two opposite pole-coils (1 and 4 in Fig. 1 ).
Normally these pole-coils have the same ampere- rotates, the flux pattern changes in a complex manner. It will be shown that the main source of unbalance force is the difference in magnetic pull between opposite poles (i.e., 1 and 4 in Fig. 1) .
Typically, the peak flux-density in the healthy pole may be twice that in the open-circuited pole, giving rise to a 4:l ratio of the magnetic pulls. Thie can be seen from Fig. 2 , which plots the radial flux-density around the airgap under poles 1 and 4, showing nearly a 2:l ratio in the densities.
B. Waveform and magnitude of the lateral force
The waveform of the lateral force as the rotor rotates is clearly the reeult of complex changes in the flux pattern, and also depends on the currents in the coils. To begin with, a simplified magnetic-circuit analysis is used to determine the general behaviour. Then a detailed analysis is performed using finiteelements. Finally, the analysis i s calibrated by measurement on a specially modified machine.
To estimate how the lateral force varies as the rotor rotates, the flux is divided into discrete paths as shown in Fig. 3 . The reluctances of the stator and rotor yokes are assumed to be negligible compared to the reluctances between overlapping poles. Each reluctance in Fig. 3 represents an irregularly shaped gap between the stator and the rotor. Of course, the reluctances are magnetically nonlinear and they are functions of the amount of overlap between the relevant poles.
It is necessary to determine how the flux divides among the six branches of Fig. 3 at all rotor positions. The rotor starts at the unaligned position As the rotor rotates, the changing overlap angles modify the reluctances. Obviously the reluctance is minimum when the overlap is 30". When the overlap is zero, the reluctance is of the order of four times the minimum reluctance, this being the value required to produce the 50% value of flux-density in pole 4 in Fig. 2 . For example, a t the aligned position with respect to poles 1 and 4, the reluctances R2,R,, R, and R, are all 4.00, while R, and R, are 1.00. overlap 15" after the unaligned position (i.e. at SO0).
It rapidly builda to a maximum at 67.5". In this aa in all positions, the w-forces under poles 2 and 6 cancel, and the multant is always due to the dif€erence in magnetic pull between polea 1 and 4. F, disappears at the aligned position because the current is switched off a t that point.
The peak Fx occurs at a partial-overlap position and appears to be 1.6 times the value at the aligned p i t i o n , but thia may be pessimistic because saturation limits the flux-density aa the overlap decreases. To take this into account, the model is modified by assuming that pole 1 acts as a flux source whose normalised value ie equal to the perunit overlap 8, under pole 1. This ie equivalent to aaauming that all the M M F is taken up in saturating pole 1 to a fixed fluxdensity in the region of overlap.
Then the remaining poles are in parallel and their fluxes a m calculated aa before; e.g., in pole 2
(4)
The remaining procedure is the same as before, and the moult in shown graphically in Fig. 4 .
The two extreme cams (linear and saturated) suggest that saturation slows the rise of the unbalance force, and it appears to limit the peak value. The result of a finite-element investigation is also shown in Fig. 4 , and Fig. 6 show a typical flux-plot.
I
The force do-not materialize until there is some inch rotor diameter, 30" pole arcg, and 4-inch stack length, the lateral force could peak a t 800 lbf.
D. Effect of a short-circuit fault
When one pole-coil is short-circuited, even with one shorted turn, induced currents keep its flux-linkage nearly zero while the flux builds up in the healthy pole. In effect R, is dynamically infinite, and Rthl will be dynamically increased. For the same current the flux through pole 1 is probably less than with a n open-circuit on pole 4, and F, should also be less.
The flux is diverted into poles 2,3,5 and 6 but because of the balancing effect the Fy should remain relatively small.
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where 9 is in radians and h and r are in metres.
This formula predicts fairly low levels of centering force due to mechanical offset. In a trial calculation for a machine with a rotor diameter of approximately 3.5in and a stack length of 2in, PC-SRD Dynamic predicted a torque waveform with a rising slope of 143 "/rad over approximately 26" of rotation, and a falling slope of about 1700 Nmlrad over approximately 2" of rotation. The rising slope produces a force of 5.4 lbf per mm of offset over 25", and the falling slope producee about 70 lbf per mm of offset over 2". Since the actual offset is likely to be much leee than lmm, the indication is that the forces are small.
IV. SIMULATION OF T R A N S I E~
In the extensive literature on the SR machine there are relatively few publications concerned with the dynamics and control: moat authors concentrate on steady-state performance and motor design, and most of the control papers deal only with basic speed control (e.g., [SI). In this paper the PC-SRD Dynamic computer program [1,3-51 is used to simulate certain fault conditions and a n example is shown in which the simulation provides necessary data for the calculation of the unbalanced forces discussed earlier. 1.
A. Description of the pmgram
PC-SRD
An electromagnetic model of the SR motor and its power electronic controller;
2.
A load model including load torque aa functions of speed, rotor poaition, and step changes at predefined instants;
3.
A PID velocity feedback loop with antiwindup and optional state feedback;
4.
A firing-angle calculator that varies the firing angles with speed (in current-or voltage-regulation mode) or with speed error (in single-pulse mode; and
6.
A model of the shaft position encoder with variable resolution and averaging algorithm for speed, including sample-andhold delays. The program combinea many of the features of finiteelement analysis and system simulation software in a single self-contained package, complete with its own editors and graphics. It incorporates many highly specialised algorithm that are peculiar to the SRM [3-51. Some of these are very difficult to employ in connection with general-purpose simulation packages or finite-element programs, and even when they are so incorporated, the resulting process of simulation and analysis is slow and cumbersome. After approximately 0.044 sec a short-circuit fault occurs on phase 1. The loss of accelerating torque from phase 1 is evident in the average rate of acceleration, which falls by approximately 50% as the motor continues to accelerate with the other two phases. This ability to continue operating (albeit a t B. Response to a short-circuit phme fault. a reduced output level), with the healthy phases unaffected by the faulted phase, is the reason why the SRM is claimed to be "fault tolerant".
However, the next trace, Fig. 12 , shows the current in phase 1. Before the fault, the current is regulated normally to a peak value of 20A. The fault occurs during a period of diode conduction. The short-circuit isolates the phase winding from the demagnetizing voltage of the DC link (which is normally reverseconnected by the conducting freewheel diodes). Consequently the flux is not extinguished, and as soon as the aligned position is passed, phase 1 starts generating and the current is rapidly pumped up to 55A, nearly three times the regulated level. There follows an uncontrollable series of very large current pulses, during which time the phase 1 current never reaches zero. Of course, the unbalanced forces discussed earlier will be excited by the peak current, which may be several times larger than the rated peak current. The high current pulses are literally generated by the SR machine for as long as there is stored energy remaining in the magnetic circuit of phase 1.
This energy is dissipated by the phase resistance (or what remains of it through the fault), and the current pulses gradually decay to zero over a period of many cycles. W i t h no externally applied voltage, the pulses cannot be sustained indefinitely; however, energy can be converted from mechanical to electrical by phase 1, increasing the heat dumped into the fault and depleting the net shaft torque. That this is 80 is evident from the fact that the post-fault acceleration is only 50% of the pre-fault value, not 213. Fig. 13 is a reproduction of Fig. 12 with the other phase currents and the torque added to the graphs. The instant of the fault can clearly be seen on the diode-conduction section of the locus, and immediately the generating action drives the current up to a high value. As the flux decays, the current peaks become smaller.
So far it has been assumed that the fault occurred at the terminals of the winding, and the calculation in This arrangement is also capable of detecting unbalance caused by mechanical asymmetry.
B. Differential voltage sensing with m search coils
This is shown for the single-winding, series connection. However, it can be adapted for use with any of the arrangements discussed in V.
Functionally the scheme is the same as before, but the main coils are themselves used as the searchcoils. Under normal operation the potential at terminal V is half the supply voltage (i.e., Vs/2>. Unbalance is detected by comparing the potential a t terminal V with the potential a t a reference terminal An advantage of this arrangement is that it eliminates the need for separate search coils, and requires only one additional terminal instead of two.
However, bringing terminal V out to an external comparator circuit may itself compromise the reliability of the system.
The system operates only when there is a conduction path through both transistors or both diodes, and it requires that the voltage drop is the same in corresponding devices. In some modes of operation (e.g. low-speed motoring), it is normal to operate the SR machine with one transistor chopping while the other one is held on for a whole conduction period. In this case the voltage a t terminal V deviates from V, /2 by the difference between the transistor volt-drop and the diode volt-drop, which may be 2V in a 270V
system. "his sets a limit on the sensitivity of the detection system. During high-speed motoring or generating, it is normal to operate both transistors identically, and the voltage deviation at terminal V is then reduced to the difference in the volt-drops across the two transistors (or the two diodes) while they are carrying the same current.
W. DISCUSSION AND CoNCLUSIONS
The "fault tolerance" of the SR machine is not absolute, and must be viewed with several qualifications. T w o particular hazards that can arise under fault conditions have been identified and analysed in this paper:
1. unbalanced lateral forces on the rotor caused by electrical faults; and
2.
uncontrollable pulsed currents in a shorted coil.
A simplified magnetic analysis suggests that electrical faults on single coils produce much higher lateral forces than those due to mechanical offset of the rotor, and that these forces and their waveforms can be estimated by simple order-of-magnitude methods. Finite-element analysis and measurements have confirmed the simplified analysis. Further work is required in the analysis and measurement of unbalanced forces, as well as more investigation of the dynamic performance of the SR machine under abnormal conditions. Results achieved in this paper indicate that a combination of analysis tools is required, including measurement, simulation software, finite-element analysis, and traditional engineering analysis and approximation.
